The seasonality of the southern annular mode (SAM) and the resulting impacts on the climate variability of New Zealand (NZ) are investigated. As with previous studies, during summer the SAM is found to be largely zonally symmetric, whereas during winter it exhibits increased zonal wavenumber 2-3 variability. This is consistent with seasonal variations in the mean state, and the authors argue that the seasonal cycle of nearsurface temperature over the Australian continent plays an important role, making the eddy-driven jet, and hence the SAM, more zonally symmetric during summer than winter. During winter, the SAM exhibits little variability over the South Pacific and southeast of Australia. Dynamical reasons for this behavior are discussed.
Introduction
The southern annular mode (SAM) is characterized by a meridional shift of the tropospheric jet about the climatological mean position. Geostrophic balance implies an accompanying geopotential height (Z) anomaly pattern that is approximately annular and has opposite sign over Antarctica and the latitude circle bounded by ;358 and 458S (Kidson 1988 (Kidson , 1999 . By convention, a poleward displacement of the jet corresponds to a positive SAM. First noticed by Walker in 1928 as a seesaw in the pressure anomalies between South America and the Bellingshausen Sea (Gong and Wang 1999) , it is the dominant mode of climate variability in the Southern Hemisphere (SH) and is now more commonly defined as the leading empirical orthogonal function (EOF) of the Z anomalies poleward of 208S (Thompson and Wallace 2000) . Such an oscillation is inherent to an atmosphere on a rotating body with a meridional heating gradient (Robinson 2004) and, as such, is readily simulated in modeling studies, both qualitatively in simple models (Gerber and Vallis 2005; Vallis et al. 2004 ) and quantitatively in full global circulation models (GCMs) (Raphael and Holland 2006; Kidson and Watterson 1999) .
Although the fundamental dynamics that give rise to the SAM are the subject of ongoing research, feedback mechanisms between the mean flow and transient eddies have been identified that go some way to explaining why such a mode is more prominent than others (Lorenz and Hartmann 2001) . Yu and Hartmann (1993) found that the shape of transient eddies changes with the phase of the SAM such that a momentum flux anomaly acts to reinforce the jet vacillations. Another positive feedback arises from the self-sustaining nature of the jets--as the jet shifts, so does the storm track, with associated baroclinic processes and subsequent momentum flux convergence, thereby prolonging the wind anomaly (Kidson and Sinclair 1995; Lorenz and Hartmann 2001) . This may be associated with surface friction, which acts on a barotropic positive wind speed anomaly to create enhanced baroclinicity (Robinson 2006) , or the fact that eddies born near the core of the jet are able to propagate meridionally, and are thereby less effective at reducing vertical wind shear at the jet core than elsewhere (Gerber and Vallis 2007) .
A major influence on the variability of the SAM is the changing of the seasons. The SAM acts on the background state and, as such, changes in that background state and hence the mean jet position are accompanied by changes in the SAM (Codron 2005 (Codron , 2007 . Other factors that have been suggested to exert influence on the variability of the SAM include the El Niñ o-Southern Oscillation (Liu et al. 2002; L'Heureux and Thompson 2006) , the Madden-Julian oscillation (Matthews and Meredith 2004) , and the solar cycle (Haigh and Roscoe 2006; Kuroda and Kodera 2002) . The SAM has also been shown to have a positive trend (Thompson and Wallace 2000; Thompson et al. 2000; Renwick 2004; Roscoe and Haigh 2007) , which has been linked to ozone depletion (Thompson et al. 2000) and increasing greenhouse gasses and global warming (Cai et al. 2003; Arblaster and Meehl 2006) .
Both the SAM and its Northern Hemisphere (NH) counterpart, the northern annular mode (NAM), have considerable impacts on regional climate (Thompson and Wallace 2001; Gillett et al. 2006; Hendon et al. 2007; Ummenhofer and England 2007) . Many of the regional impacts stem from the zonal asymmetry and seasonality of the structure of the SAM. This is the case for precipitation over southeast South America (Silvestri and Vera 2003) , temperature and precipitation over Australia (Meneghini et al. 2007; Hendon et al. 2007) , precipitation over western South Africa (Reason and Rouault 2005) , and temperature, precipitation, and sea ice formation over the Antarctic Peninsula (Lefebvre et al. 2004) . The magnitude of SAM-related climate anomalies can be comparable to those associated with high-latitude ENSO teleconnections (Meneghini et al. 2007) . A trend in the SAM in recent decades (Marshall 2003; Thompson and Solomon 2002) explains much of the observed temperature trends at southern midhigh latitudes (Thompson and Solomon 2002; Kwok and Comiso 2002) . This paper adds to the literature on the seasonality of the SAM and illustrates the regional influence this has by a study of New Zealand (NZ) climate. As such, this paper is organized as follows: section 2 describes the data and analysis techniques used, section 3 reviews the zonal asymmetry and seasonality of the SAM and offers some physical explanations for the observed behavior, section 4 documents the impacts of the SAM on NZ rainfall and temperature, and section 5 is a summary and conclusions.
Data and analysis techniques
The data used to investigate the large-scale SAM structure and SH climatology is the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis dataset (Kalnay et al. 1996) , only data post 1979 are included owing to problems at high southern latitudes prior to the introduction of satellite data (Kanamitsu et al. 1997; Bromwich et al. 2007 ) giving 27 years of data . The grid resolution is 2.58 in both longitude and latitude. The seasonal cycle, defined as the mean for each calendar month, has been removed to obtain the monthly-mean anomalies. The SAM is defined as the leading EOF of the 500-hPa Z anomalies south of 208S, and the principal component (PC) is employed as the time series of the SAM. Baroclinicity is used in the discussion of climatology and is defined as the ratio of the vertical wind shear to the buoyancy frequency between 700 and 850 hPa.
The Met Office Hadley Centre Sea Ice and Sea Surface Temperature dataset version 1.1. (HadISST V1.1) was used to define the latitude of the sea ice edge (Rayner et al. 1996) as the latitude where ice concentration reaches 15% (Renwick 2002) .
To examine the effect of the SAM on NZ climate we have utilized data from 112 weather stations across NZ. The temperature (T) data was recorded as daily maxima and the rainfall (RF) data were recorded as total within a 24-h period to 0900 LT. These have been averaged to give monthly values. To allow for the noisy nature of the station data, where they have been regressed onto the SAM time series, results were rejected when the probability that the true correlation between the two variables was zero (the p value) exceeded 0.5. The justification for the high p value is that we try to illustrate spatial patterns of response to the SAM, rather than to test statistical significance at individual stations. Throughout this paper we study only two seasons: summer designates months December-February (DJF), and winter June-August (JJA). These were chosen because they are the seasons when the SAM exhibits the greatest seasonal differences.
Zonal asymmetry and seasonality of the SAM

a. Overview of seasonality
Compared with the NAM, the SAM is more zonally symmetric and displays less seasonality in the troposphere (Thompson and Wallace 2000) . However, the SAM is not a pure zonal wavenumber (k z )-0 oscillation. Kidson (1988) observed k z -3 superposition, particularly at midlatitudes, and that the location of the extrema of the k z -3 component varied seasonally. Codron (2005) examined the seasonality of the SAM from the point of view of the basic state, in particular noting differences in the Pacific sector where during summer a single jet vacillates about the climatological mean, whereas during winter the split jet (Bals-Elsholz et al. 2001) leads to a dipolar oscillation of the wind speed anomaly between the two favored jet positions.
The seasonality of the structure of the SAM is shown in Fig. 1 , which is the regression coefficient of the monthly-mean wind speed anomalies at 500 hPa regressed onto the SAM index, during summer ( Fig. 1a) and winter (Fig. 1b) . That Figs. 1a and 1b utilize the same contour interval is indicative that the magnitude of the oscillation shows little seasonality. However, the structure shows marked differences between the seasons: the pattern is more zonally symmetric during summer than winter. To determine the relative importance of k z -0-4 in the regression patterns shown in Fig. 1 , Fourier decomposition was performed. The magnitudes of the k z -0-4 components were calculated for latitude circles from 358 to 758S, and the mean for an individual k z over those latitude circles is taken to represent the percentage of total SAM variance attributable to an individual k z (Table 1 ). The percentage of the variance attributable to individual k z . 4 was less than 1% for both seasons (not shown) and they have been omitted from the analysis. The principal feature elucidated in Table 1 is that a larger percentage of the pattern is due to k z -2 and k z -3 during winter than summer (nearly double), thereby confirming the visual observations from Fig. 1 .
The features that give rise to the zonal asymmetry in the SAM during winter are the troughs and weak meridional gradients at longitudes ;308E and ;1108W and 1508E. The regression coefficient between the 500-hPa wind speed anomaly and the SAM index is shown in Fig. 2 for summer ( Fig. 2a) and winter (Fig. 2b) . The wind speed anomalies are low in the same regions as the anomalous pressure gradient is low ( Fig. 1) , as implied through geostrophic balance. The remainder of this section investigates the zonal symmetry during summer and the causes of the small SAM-related wind speed anomalies at 1108W and 1508E during winter. The cause of the small SAM wind speed anomalies at 308E is beyond the scope of this paper. A plot of the correlation coefficient (R) between the wind speed anomaly and the SAM is shown in Fig. 2 for summer ( Fig. 2c ) and for winter (Fig. 2d) . During summer R is largely zonally symmetric, indicating that the SAM dictates the strength of the wind speed anomalies to the same extent at most longitudes. The low values of R during winter coincide with the longitudes where the wind speed anomalies associated with the SAM are weakest, indicating that the SAM has less impact on determining variability at these longitudes, as opposed to, for example, simply acting on a reduced background flow.
The climatological wind speed at 500 hPa, shown in Fig. 3 , is helpful for understanding the patterns of SAM activity seen in Fig. 2 . As seen in other studies (Van Loon 1972; Trenberth 1991; Nakamura and Shimpo 2004) , during summer there is a single jet that is largely zonally symmetric, whereas during winter the climatological mean jet splits at around 1008E, with an associated wind speed minimum in the NZ region.
b. Summer zonal symmetry
During summer there is a single jet that is eddy-driven at all longitudes (Trenberth 1991) , and the SAM then manifests itself as a zonally symmetric oscillation, as expected when the mode arises due to interactions between transient eddies and the mean flow (Codron 2005) . While previous studies have investigated the causes of the zonal asymmetry seen in the background state during winter (Bals-Elsholz et al. 2001; Sinclair 1996; Inatsu and Hoskins 2004) , a reason for the increased zonal symmetry in summer has not been previously put forward. The mean baroclinicity between 700 and 850 hPa during summer and winter is shown in Figs. 4a and 4b , respectively. As with the mean wind speed, the situation during summer shows much greater zonal symmetry than during winter. The seasonal cycle is most pronounced over the Australian region, with high summertime baroclinicity over the Australian continent and downstream over the South Pacific, which acts to move the baroclinic zones equatorward at these longitudes. At other longitudes the seasonal cycle of baroclinicity is less pronounced. The corresponding temperatures and meridional temperature gradients at 1000 hPa are shown in Figs. 4c-f and go some way to explaining why the baroclinicity is more zonally symmetric during summer than winter. During summer the temperature over the midlatitude continents is higher than the zonal-mean temperature, whereas during winter they are roughly equal to or less than the zonal-mean temperature. This arises because the seasonal cycle of temperature is much greater over landmasses than oceans due to the reduced heat capacity and transport at the surface (Hartmann 1994) . This has the effect that during summer the meridional temperature gradient is large at the southern flanks of the continents (Fig. 4e) . This is most pronounced in the Australian region-likely because the cyclogenesis induced by the Andes and the South African plateau (Sinclair 1996; Inatsu and Hoskins 2004 ) occurs year-round, inducing a downstream jet that, through the self-maintenance of eddy-driven jets (Robinson 2006) , constrains the meridional temperature gradient to less latitudinal variation in these regions than in the Australian region. The high baroclinicity over the Australian region during summer induces an eddy-driven jet that is at the same latitudes as the southern flanks of the other continents, contributing to a zonally symmetric summertime climatology.
c. Winter zonal asymmetry
During winter the meridional temperature gradient is reduced at the southern flank of the continents and, subsequently, the baroclinic zone moves south. This is most pronounced in the Australian region (see previous section). Without the baroclinic region to the south of Australia, the eddy-driven jet moves south in that region during winter. The existence of the thermally driven subtropical jet (STJ) then results in an apparent split jet (Fig. 3) . This separation is augmented by Rossby waves initiated in the tropical Indian Ocean (Inatsu and Hoskins 2004) . The southern branch of the winter jet [polar front jet (PFJ)] dies away in the southeast Pacific. This is because of the presence of the STJ, which guides upper-level eddy activity to lower latitudes, thereby preventing a vigorous eddy-driven jet from forming across the Pacific (Nakamura and Shimpo 2004) . Therefore it seems that the SAM is inactive near 1108W simply because there is no eddy-driven jet in the region that can vacillate. That the lack of a defined jet in the region is associated with a lack of eddy activity can be seen in analyses of SH wintertime eddy statistics, as in, for example, Trenberth (1991), Nakamura and Shimpo (2004) , and Hoskins and Hodges (2005) .
A composite of the mean wind speed for periods when the SAM was greater than one standard deviation (s) or less than 2s during winter is shown in Fig. 5 and illustrates why the SAM is inactive near 1508E. Figure 5a shows the mean wind speed for positive phases of the SAM. When the SAM is positive, the eddy-driven PFJ is clearly separated from the thermally driven STJ, and the PFJ extends across the South Pacific. When the SAM is negative (Fig. 5b) , the PFJ moves north, blending into the STJ. This point was made by Codron (2007) , who further found that the strength of the PFJ in the Pacific sector was partly forced by the phase of the SAM in the Indian Ocean sector. However, at ;1508E there remains a local wind speed maximum, which is the reason the SAM appears inactive at these longitudes.
The feature is apparent throughout the depth of the troposphere (not shown). The local maximum is located immediately equatorward of the mean sea ice edge, which has a somewhat protruded shape there. Qualitative insight into the dynamics underlying this phenomenon can be gained by examining the mean wintertime near-surface wind speed and the gradient of the surface temperature normal to the local wind direction, shown in Figs. 6a and 6b, respectively. Figure 6a suggests that the sea ice edge protrudes because the katabatic flows over the Antarctic Continent maximize with a northward flow at ;1508-1608E at high latitudes (Parish and Walker 2006) , where the sea ice boundary is displaced equatorward. As seen in Fig. 6b , the convergent flow leads to the gradient of surface temperature perpendicular to the local wind speed being a maximum at ;1508E, which would drive vertical wind shear, thereby inducing a local jet (Bals-Elsholz et al. 2001) . The temperature advection associated with outflow from the Antarctic Continent is also seen at 500 hPa (not shown), and the fact that this drives increased westerlies above explains why the local wind speed maximum is also seen at the tropopause height of ;300 hPa (not shown).
In explaining why this local wind speed maximum results in inactivity in the SAM, it is important to note that in the Pacific sector during winter the SAM is associated with a dipolar oscillation between the PFJ and the STJ (Codron 2007) . However, the local wind speed maximum in the PFJ at 1508E is induced by the Antarctic katabatic flow, which is present regardless of the phase of the SAM, and therefore the PFJ in the region does not exhibit SAM-induced wind speed anomalies to the same extent as at other longitudes. We posit that the dipolar behavior arises because the flow at the entry to the STJ is thermally forced (Vallis et al. 2004 ) and so does not exhibit vacillations associated with the SAM. Therefore, as the PFJ migrates equatorward over the Indian Ocean and approaches the latitude of the STJ, the STJ acts as a waveguide to the PFJ baroclinic eddies (Hartmann and Lo 1998) and the PFJ becomes merged with the STJ. Meridional propagation of eddies downstream in the STJ then will cause momentum flux convergence, and the observed increase in wind speed associated with the positive phase of the SAM.
Impacts of the SAM on NZ climate
We now investigate the influence that the seasonal changes in the large-scale flow and the SAM have on regional climate by taking New Zealand as an example. NZ is well situated for this means as (i) it lies in the region where the SAM displays the largest seasonality and (ii) the orography of NZ results in strong dependence of climate anomalies on wind speed and direction (Kidson 2000) . The near-surface wind anomalies composited for SAM $ s are shown in Fig. 7 for summer (Fig. 7a) and winter (Fig. 7b) . The relationship between the SAM and NZ winds is approximately linear, so only the anomalies for the positive phase are shown for brevity. Being in the midlatitudes, the climatological surface winds in the NZ region are westerly, and the impact of the SAM on NZ climate is explained as the anomalous departure from the climatological westerlies. During summer, when the SAM is positive, there is an easterly wind anomaly across the entire country. During winter the wind anomaly is northeasterly over the North Island (NI), but becomes progressively northwesterly toward the south of the South Island (SI). Comparison with Fig. 1 reveals that the near-surface wind anomalies are in approximate geostrophic balance with the Z anomalies at 500 hPa, as expected with an equivalent barotropic mode of variability. As well as these flow anomalies, we will bear in mind the results of Sinclair et al. (1997) , which show that cyclone density anomalies closely follow the spatial patterns in Fig. 1 , such that there are fewer cyclones occupying the anomalous high pressure area in the region of NZ when the SAM is positive. The impact of these features on NZ climate is examined using the regression coefficient for precipitation and temperature anomalies and the SAM index. Figure 8 shows the regression coefficients for rainfall (RF) and the SAM for summer and winter. During summer RF was less when the SAM was positive over the majority of the country, except in the far north and east coast of the NI, and the north and northeast coast of the SI. A general reduction in RF would be expected because there were fewer cyclones and more anticyclones in the region (Sinclair et al. 1997) . The positive anomalies therefore require further explanation. The positive anomaly in the far north of the NI may be because the RF in the area is characterized more by convective systems than the rest of the country (Kidson 2000) , and convection may be enhanced during the positive phase of the SAM if the increased anticyclone density leads to reduced cloudiness and increased radiation, and this destabilizing forcing overcomes any increased largescale subsidence. The positive anomalies on the east coast of the NI, and northeast coast of the SI, are explained by the topography of NZ inducing a rain shadow effect. With a positive SAM and northeast flow anomaly there is reduced orographic subsidence of dry air along the east coast, so rainfall is more likely. Conversely, when the SAM is negative, there is a southwest flow anomaly, and the rain shadow effect gives reduced RF. It is unclear why this is not seen in the southeast of the SI. However, the coefficients are generally close to zero in this area, indicating there is no strong effect.
During winter the same orographic effects come into play as during summer, but the northwest flow anomaly over the south of the SI is seen be associated with a positive RF anomaly on the west coast and negative on the east coast.
Hence, a rain shadow effect was seen for the entire year so that during summer the west coast received less RF when the SAM was positive and the east coast received less RF when the SAM was negative, but during winter this was reversed for the South Island owing to a more north-south than east-west flow anomaly. Figure 9 shows the slope of the regression for T and the SAM index for summer and winter. During summer there is a positive correlation for the majority of the country, with the largest effect on the west coast of the SI, and a negative correlation on the east coast in the middle of the country. This is consistent with a foehn wind effect--the lapse rate is higher on the leeward side of mountains due to reduced moisture content, so at a given height the temperature is higher on the leeward side. This is not seen as strongly in the north of the NI because there is less orographic forcing there. The foehn wind effect is qualitatively similar to the impact of the SAM on temperatures on the Antarctic Peninsula (Marshall et al. 2006; Orr et al. 2008; van Lipzig et al. 2008) .
During winter there are positive T anomalies across the entire country when the SAM is positive. There is a northerly component of the flow anomaly during winter, which would be associated with direct temperature advection leading to a positive temperature anomaly. The anomalous high pressure over the county would also be associated with increased solar radiation, and these two effects clearly overwhelm any foehn wind effect during winter.
The large-scale seasonality of the SAM may be expected to give rise to seasonal variability in the modes of variation of NZ climate. We investigate this using the second EOF of T anomalies, which is shown in Fig. 10 . The EOF values are positive in the west of the country and negative in the east, which, given the orographic effects already described, is consistent with variations in the strength of the westerly winds. The first EOF (not shown) has the same sign everywhere, which is to be expected because a change in the north-south flow is associated with direct temperature advection and so has the largest impact on temperature. Consistent with the large-scale seasonal changes in the SAM, the SAM was significantly correlated with the principal component of the second EOF during summer (R 5 0.52) but not during winter (R 5 0.08). Moreover the variance of the PC2 shows distinct seasonality consistent with that expected due to the SAM. When normalized by the average variance for all months the variance during summer was 1.43, whereas during winter it was 0.33. This is consistent with the notion that the seasonality of the SAM influences the seasonality of the variability of NZ surface climate. 
Summary and conclusions
As has previously been pointed out, the spatial structure of the SAM shows distinct seasonality. This is expected as the SAM is an oscillation of the atmospheric circulation about the seasonally varying time-mean state. We have suggested that the seasonality of the surface temperature of Australia induces increased zonal symmetry in the mean wind speed during summer relative to winter, resulting in a more zonally symmetric SAM. During winter the SAM acquires a greater k z -2-3 component, which is due to (i) the lack of an eddy-driven jet in the southeast Pacific and (ii) a lack of vacillation in the wind field with the SAM at ;1508E because it is forced by the large horizontal temperature gradient induced by the Antarctic katabatic winds, which are present regardless of the phase of the SAM. We did not address the lack of SAM activity at ;308E.
For the NZ region this seasonality implies that during summer the SAM is associated with an approximately east-west wind speed anomaly, whereas during winter the SAM is associated with a more north-south wind speed anomaly. These seasonal differences in the largescale structure of the SAM were clearly discernable in the T and RF station data because of the large impact of orography upon NZ surface climate. Moreover, the EOF of T corresponding to a zonal wind speed anomaly was much more significantly correlated with the SAM and had over four times more variance during summer than winter, which is consistent with the notion that the seasonality of the SAM impacts the variability of the regional climate.
